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A B S T R A C T

Mild reductive catalytic depolymerization (MRCD) of lignin offers a sustainable route to produce functionalized 
aromatic compounds. However, the economic viability is hindered by the need for expensive palladium (Pd) 
catalysts and the limited exploration of continuous flow reactors (CFRs), which are essential to achieve an 
adequate production scale. This study examines the impact of partial replacement of Pd with copper (Cu) on the 
performance, selectivity, active site characteristics, and deactivation of a γ-Al2O3 supported Pd catalyst in MRCD 
of lignin using a CFR. Despite containing 49 % less Pd, the PdCu catalyst achieves the same depolymerization 
degree as the Pd catalyst over 200 min of time on stream. During the reaction, metallic Pd is formed within the 
Pd catalyst and both a smaller (unordered) and larger (ordered FCC) metallic PdCu phase within the PdCu 
catalyst. The enhanced performance of the PdCu catalyst is attributed to synergistic effects between Pd and Cu 
and presence of differently sized metallic phases. A minimal impact of Cu on the selectivity, even in monomer 
yields, was observed. For both catalysts, the primary cause of deactivation is the hydration of the γ-Al2O3 support 
to boehmite, leading to loss of its acidity and morphological changes. Metal leaching and poisoning are insig
nificant, while nanoparticle growth likely arises from the reduction of the metallic phases during reaction. Only a 
very small amount of coke deposition is observed. Overall, the cost-effective partial replacement of Pd with of Cu 
forms metallic PdCu alloys during the reaction, enhancing activity without adversely affecting selectivity or 
deactivation.

1. Introduction

Since the identification of lignin as the most scalable and abundant 
resource for the sustainable production of functionalized aromatic 
chemicals, research towards its valorization has been ever increasing 
[1–4]. Global lignin production, estimated to be between 50 and 70 
million tons annually and projected to grow to 225 million tons by 2030, 
mainly stems from the paper and pulp industry and second generation 
biorefineries [5–7]. However, less than 2 wt% of this lignin is currently 
used for production of value-added chemicals, with most of it being 

burned as low value fuel [5]. One of the main challenges impeding the 
valorization of lignin is the development of a robust, cost-effective, 
sustainable and selective depolymerization process to produce mono
meric, dimeric and oligomeric functionalized aromatics at a commer
cially viable scale.

A wide range of depolymerization strategies exist, each with their 
own benefits and downsides. Among them, the mild reductive catalytic 
depolymerization (MRCD) stands out for its high selectivity, mild con
ditions and the use of sustainable solvents, such as water and ethanol. 
Additionally, MRCD can be integrated with an organosolv-like lignin 
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extraction process, i.e., using raw biomass as a feedstock, in a process 
called reductive catalytic fractionation (RCF). However, two main hur
dles still hinder the large-scale implementation of MRCD, and by 
extension RCF, for the production of lignin-derived functionalized aro
matic products. The first one is the need for expensive noble metal-based 
catalysts, with palladium (Pd) being the most abundantly adopted, to 
achieve satisfactory yields towards the desired products, which limits 
the economic viability of the process. The incorporation of non-noble 
metals into the Pd-based catalysts to reduce the costs while maintain
ing the activity and selectivity is a relatively novel but promising route 
to tackle this. The addition of copper (Cu) to Pd based catalysts to boost 
their performance through synergetic interaction between the metals 
has proven successful for reactions such as the Suzuki cross coupling 
reaction [8–11]. Recent research has demonstrated that a PdCu catalyst 
can also achieve a higher activity than a Pd catalyst in the MRCD of 
lignin without steering the selectivity towards unwanted products, even 
though Cu itself is inactive at mild conditions [12,13]. However, the 
exact nature of the active phase during reaction, and the impact of Cu 
thereon, has not been studied in-depth for the MRCD or RCF. The second 
hurdle is that most studies on MRCD and RCF within the current liter
ature are performed in batch reactors, while continuous flow reactors 
(CFRs) would provide substantial economic benefits at the production 
capacity of lignin and, hence, are expected to become the dominant 
reactor type for MRCD and RCF [14]. Especially the use of the afore
mentioned PdCu-based catalysts, proposed as a cost-effective solution to 
the first hurdle, has to the best of our knowledge, only been evaluated in 
batch reactors.

Therefore, this study evaluates the performance of a PdCu nano
particle catalyst, supported on gamma alumina (γ-Al2O3), for the MRCD 
of soda lignin in a CFR. The performance of the PdCu catalyst is 
benchmarked against that of a comparable Pd catalyst from a recent 
study [13] to assess the effects of the partial replacement of Pd with Cu 
on three main aspects, i.e., the depolymerization performance (activity 
and selectivity), the nature of the active phase during reaction and the 
deactivation of the catalyst as a function of the time on stream (T.O.S.).

2. Materials and methods

2.1. Catalyst synthesis

The synthesis procedure for the Pd and PdCu catalysts follows a 
previously established method [12,13,15]. In brief, an aqueous precur
sor solution containing either only Pd(NO3)2.2.2H2O (Sigma-Aldrich, 98 
%+) or both Pd(NO3)2.2.2H2O and Cu(NO3)2.2.5H2O (Chem-Lab, 98 
%+) is added to γ-Al2O3 (Sasol Puralox sCCa 150/200) through incipient 
wetness impregnation at 0.75 mL of solution per 0.95 g of γ-Al2O3. The 
concentration of Pd2+ or Pd2+ and Cu2+ cations equates to a theoretical 
total metal loading of 5 wt% at a 1:1 molar ratio if two metals are 
present. The impregnated supports are dried at 60 ◦C for 16 h, heated to 
450 ◦C at 20 ◦C/min and calcined at 450 ◦C for 4 h.

2.2. Catalyst characterization

The catalysts are characterized, before and after the catalytic tests in 
the CFR, using a plethora of characterization techniques, i.e., X-ray 
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning 
transmission electron microscopy with energy-dispersive spectroscopy 
(STEM-EDX), inductively coupled plasma optical emission spectroscopy 
(ICP-OES), nitrogen (N2) physisorption, thermogravimetric analysis 
(TGA) and Fourier transform infrared spectroscopy (FT-IR). Detailed 
procedures for each of these techniques can be consulted in Section S1 
(ESI).

2.3. Continuous flow reactor setup and depolymerization experiments

The CFR setup consists of a Salamander flow reactor (Cambridge 

Reactor Design) and Knauer P40 HPLC pump. A detailed description of 
the setup can be found in Section S2 (ESI). To perform a reaction, the 
lignin feed, the details of which are described in Section S3 (ESI), is 
pumped at 1 mL/min through the catalytic bed, consisting of 1 g of 
α-Al2O3 (Saint-Gobain) – 4 g of Pd(Cu) catalyst – 1 g of α-Al2O3, at 200 
◦C, residence time of 10 min and a back pressure between 95 – 110 bar. 
After equilibrating for 60 min, the effluent is collected every 2 min (2 
mL) for 200 min T.O.S. The lignin feed and CFR effluents are analyzed 
with gel permeation chromatography with a refractive index detector 
(GPC-RID), two-dimensional GPC high performance liquid chromatog
raphy (GPC-HPLC-UV/VIS), phosphorous nuclear magnetic resonance 
spectroscopy (31P-NMR) and two-dimensional heteronuclear single 
quantum coherence NMR (2D-HSQC-NMR). The procedures of each 
technique are provided in Section S4 (ESI).

3. Results and discussion

3.1. Characterization of the pristine catalysts

ICP-OES analysis of the pristine catalysts denotes 4.11 ± 0.57 wt% 
Pd within the Pd catalyst and 2.10 ± 0.29 wt% Pd and 1.48 ± 0.14 wt% 
Cu, corresponding to a molar Cu:Pd ratio of 1.18 ± 0.08, within the 
PdCu catalyst. The presence of Pd2+ in both catalysts before reaction is 
confirmed through XPS by the characteristic peaks at eV (3d5/2) and eV 
(3d3/2) within Figure S3 (ESI) and the corresponding PdO reflections 
within the XRD diffractogram in Fig. 4A. For the PdCu catalyst, no pure 
Cu based phases are observed within the diffractogram in Fig. 4A and 
the PdO related reflections, are shifted to the right through formation of 
a PdxCuyOz phase, which is in agreement with literature [13,15–17] and 
Bragg’s law as the incorporation of Cu cations into the Pd cation lattice 
leads to contraction of the unit cell. The XPS spectrum of the PdCu 
catalyst before reaction, Figure S4 (ESI), confirms the presence of Cu2+

(934.3 eV (2p3/2), 954.4 eV (2p1/2) and the characteristic satellite 
peaks) and Cu1+ (932.0 eV (2p3/2) and 952.0 eV (2p1/2)) based species. 
The latter was identified as Cu1+, despite Cu1+ and Cu0 being nearly 
impossible to distinguish in XPS alone [18–20], through the aforemen
tioned XRD results. However, STEM-EDX measurements show a lower 
molar Cu:Pd ratio of 0.52 ± 0.20 within the nanoparticles than the 
global ratio derived through ICP-OES (1.18 ± 0.08). The absence of 
distinct Cu related reflections in XRD suggests that the excess of Cu is 
most likely very finely distributed across the γ-Al2O3 surface. This is in 
line with literature as previous studies have concluded that the threshold 
for Cu2+ loading of γ-Al2O3 without forming crystalline copper oxide 
phases after calcination is 0.8 mmol/100 m2, i.e. 50 mg/100 m2 

[21–23]. In this study, the Cu2+ loading in the PdCu catalyst is at 18 
mg/100 m2, well below this threshold.

3.2. Effect of Cu on the depolymerization performance

The reduction in Mw, determined from GPC-RID, as a function of T.O. 
S. is shown in Fig. 1 for both the Pd and PdCu catalysts. The PdCu 
catalyst exhibits no significant difference in activity compared to Pd 
catalyst throughout the entire T.O.S. range, i.e., achieving the same 
reduction in Mw, despite containing 49 % less Pd. Moreover, as reported 
in previous work, Cu-γ-Al2O3 shows no activity at similar reaction 
conditions in a batch reactor [12]. Therefore, these results substantiate 
that the incorporation of Cu drastically enhances the activity of Pd 
through synergetic effects. Additionally, the Pd and PdCu-catalysts 
demonstrate similar degrees of deactivation, with a gradual decrease 
in Mw reduction as function of T.O.S.

2D-HSQC-NMR revealed that the average structural properties 
within the CFR effluents obtained with the Pd and PdCu catalyst also 
show nearly no significant differences, except at the shortest T.O.S. The 
total linkage and β-O-4 contents in Fig. 2A and B, are consistent with the 
results in Fig. 1. Similarly, the phenolic OH content (Fig. 2G) shows no 
significant differences across the T.O.S. range for the Pd and PdCu 
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catalysts, further substantiating that the PdCu catalyst achieves the same 
degree of depolymerization as the Pd catalyst. Regarding differences in 
selectivity, the PdCu catalyst shows slightly higher aliphatic OH 
(Fig. 2H) and carboxylic acid (Fig. 2I) contents at the shortest T.O.S., 
indicating a very slight decrease in hydrodeoxygenation (HDO) activity 
compared to the Pd catalyst. However, previous research has shown that 
selectivity differences are mainly observable within the monomeric 

products [12].
The monomer yields for vanillin (V), dihydroconiferyl alcohol 

(DHCA), eugenol (EUG) and isoeugenol (I-EUG) in Fig. 3 reveal that 
while the trends for these monomers are similar, some significant dif
ferences exist between the Pd and PdCu catalysts. Noteworthy, the 
DHCA concentration is substantially higher at the shortest T.O.S. for the 
PdCu catalyst compared to the Pd catalyst (2.52 ± 0.27 wt% vs 1.50 ±
0.16 wt%), implying a lower dehydration of aliphatic hydroxyl groups. 
While changes in monomer yields are expected as the incorporation of 
Cu atoms into the Pd lattice alters adsorption [24,25], overall, the 
selectivity of the PdCu remains comparable to that of the Pd catalyst, 
despite its reduced Pd content and incorporation of Cu into the atomic 
lattice. This, along with the low number of significant differences in the 
2D-HSQC-NMR and 31P-NMR measurements, implies that the partial 
replacement of Pd with Cu in the PdCu catalyst did not substantially 
alter the reaction selectivity. However, future research into the reaction 
mechanisms for the Pd and PdCu catalysts could elucidate the origin of 
the small differences observed in Figs. 2 and 3.

3.3. Characterization of the spent catalysts

XRD (Fig. 4B) and XPS (Figure S3 (ESI)) analysis of the spent cata
lysts reveal that in the Pd catalyst, nearly all PdO is reduced to metallic 
Pd (21 nm domain size) during reaction. As no crystallite PdO is 
observed within the diffractogram, the remaining Pd2+ within the XPS 
spectrum (Figure S3 (ESI)) is likely due to slight oxidation of the 
nanoparticle surface after exposure to air. In the PdCu catalyst, the 

Fig. 1. Reduction in Mw as a function of T.O.S. for the Pd and PdCu catalyst 
experiments. Reaction conditions: 200 ◦C, 1 mL/min, 1 g α-Al2O3 – 4 g of Pd 
(Cu)-γ-Al2O3 – 1 g of α-Al2O3, τ = 10 min.

Fig. 2. 2D-HSQC-NMR derived total linkage (A), β-O-4 (B), enol ether (C), β-β (D), β-5 (E) and β-1-E (F) contents and 31P-NMR derived phenolic OH (G), aliphatic OH 
(H) and carboxylic acid (I) contents as a function of T.O.S. for the Pd and PdCu catalyst experiments. Reaction conditions: 200 ◦C, 1 mL/min, 1g α-Al2O3 – 4 g of Pd 
(Cu)-γ-Al2O3 – 1 g of α-Al2O3, τ = 10 min.
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aforementioned PdxCuyOz phase is reduced into two distinct metallic 
PdCu alloys, i.e., an ordered FCC alloy phase with reflections at 30◦, 43◦

and 57.5◦ (domain size of 42 nm, see Section S1.1 in ESI) and an un
ordered lattice with reflections at 41◦ and 47◦ (domain size of 9 nm). The 
XPS spectrum in Figure S4 (ESI) confirms this as the Cu2+ related (sat
ellite) peaks are no longer present after reaction. As only metallic PdCu 

alloys are observed within the XRD data, any Cu1+ related species, that 
cannot be differentiated from metallic Cu in XPS alone, are also attrib
uted to slight oxidation of the nanoparticle surface. While Pd oxides are 
known to reduce under very mild conditions [26–29], the reduction of 
the Cu2+ species in the PdCu catalyst during reaction, i.e., under an 
environment typically too mild for the reduction of copper oxides, is 
likely facilitated by Pd, as previously reported in literature [30,31].

Some studies suggest that smaller nanoparticles exhibit higher ac
tivities [32] in MRCD while others indicate that multidentate adsorption 
of lignin molecules on larger nanoparticles drastically boosts activity 
[33]. The formation of both a smaller and larger PdCu phase, compared 
to the metallic Pd phase in the Pd catalyst, may therefore partially 
explain why the PdCu catalyst achieves the same depolymerization de
gree as the Pd catalyst despite having a much lower Pd content. Addi
tionally, the presence of a metallic PdCu phase suggests potential 
synergistic effects that might improve the performance of the PdCu 
catalyst. The presence of a mixed PdCu phase before and after reaction, 
as well as the two PdCu alloys with different sizes is visually confirmed 
by the STEM-EDX mappings shown in Figure S2 (ESI). The STEM-EDX 
derived Cu:Pd ratio within these phases after reaction, i.e., 0.91 ±
1.20 for the ordered FCC phase and 0.97 ± 0.53 for the unordered lat
tice, match up to the ICP-OES derived global Cu:Pd ratio of 1.02 ± 0.07. 
This implies that most of the Cu initially dispersed across the γ-Al2O3 
surface in the pristine catalyst, most likely the Cu2+ related species 
noted in Section 3.1, is incorporated within the metallic PdCu alloys 
through migration induced by the ability of Pd to facilitate the reduction 
of Cu [16,34–37]. While in-situ characterization techniques such as 
STEM-EDX and XPS would be required to fully confirm that these 
metallic PdCu alloy phases are the truly active phases, as well as eluci
date how they are being formed and/or change during reaction, these 
results are an insightful first step into identifying the reasons behind the 
improved performance of the PdCu catalyst over that of the Pd catalyst.

Five main modes of deactivation were assessed using various catalyst 
characterization techniques to investigate the effect of Cu on the deac
tivation behavior of Pd. Firstly, ICP-OES analysis indicated no signifi
cant leaching of either Pd (2.10 ± 0.29 wt% to 2.54 ± 0.29 wt%) or Cu 
(1.48 ± 0.14 wt% to 1.55 ± 0.16 wt%) for the PdCu catalyst. As no Pd 
leaching was observed for the Pd catalyst (4.11 ± 0.57 wt% to 4.02 ±
0.57 wt%), it can be concluded that the incorporation of Cu did not 
negatively affect the stability of Pd on the γ-Al2O3 surface.

Secondly, both in the pristine and spent PdCu catalysts, no signifi
cant amounts of sulfur (S) or sodium (Na) were detected using STEM- 
EDX, see Table S2 (ESI). This lack of significant poisoning in the PdCu 
catalyst is in line with the results obtained for the Pd catalyst [13] and 
implies that the addition of Cu did not influence poisoning.

Thirdly, the nanoparticle size distributions (NSDs) in Fig. 5A–D, 
reveal that the nanoparticle size increases significantly during the lignin 
depolymerization experiment for both the Pd (from 8.74 ± 1.19 nm to 
16.70 ± 0.88 nm) and PdCu catalysts (from 6.24 ± 0.78 nm to 10.57 ±
0.82 nm). This nanoparticle growth can be due to reaction induced 
sintering and/or the phase change described in Section 3.2. Nonetheless, 
the PdCu catalyst shows significantly smaller nanoparticles before as 
well as after reaction, and also less nanoparticle growth (69.46 ± 10.22 
% vs 91.19 ± 13.35 %) than the Pd catalyst, implying an increased 
stability.

Fourthly, phase degradation of the γ-Al2O3 support to boehmite 
during the CFR experiment has been identified as the main method of 
deactivation for the Pd catalyst in previous work. This degradation is 
also observed for the PdCu catalyst in XRD with the boehmite reflections 
at 28◦, 38◦, 49◦, 49.3◦, 52◦, 55◦, 64◦, 65◦ and 72◦ in Fig. 4B. Rietveld 
analysis, see Figure S5 (ESI), reveals full conversion of γ-Al2O3 to 
boehmite for both the Pd and PdCu catalyst. Additionally, adsorption 
bands related to symmetric/asymmetric Al-O-H bending (1068 cm− 1/ 
1156 cm− 1) and Al-OH stretching (3090 cm− 1/3308 cm− 1) in boehmite 
are observed in the FT-IR spectra of both the Pd and PdCu catalyst, see 
Fig. 5E after reaction. Furthermore, N2 physisorption data points 

Fig. 3. GPC-HPLC-UV/VIS derived yields for vanillin (A), dihydroconiferyl 
alcohol (B), eugenol (C) and isoeugenol (D) as a function of T.O.S. for the Pd 
and PdCu catalyst experiments. Reaction conditions: 200 ◦C, 1 mL/min, 1g 
α-Al2O3 – 4 g of Pd(Cu)-γ-Al2O3 – 1 g of α-Al2O3, τ = 10 min.

Fig. 4. XRD diffractograms for the Pd and PdCu catalysts before (A) and after 
(B) reaction.
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towards a decrease of the specific surface area (172 m2/g to 107 m2/g 
for Pd and 175 m2/g to 93 m2/g for PdCu) and specific pore volume 
(0.32 mL/g to 0.22 mL/g for Pd and 0.30 mL/g to 0.24 mL/g for PdCu) 
due to the change from γ-Al2O3 to boehmite [38]. This morphological 
change is substantiated by the change in N2 physisorption isotherm from 
H1 Type IV before reaction to H3 type [39] after reaction in Fig. 5F, 
change in pore size distribution in Fig. 5G and can be confirmed visually 
in the STEM images in Figure S2 (ESI). On the one hand, the deactivation 
observed in Section 3.2 can be related to the transition from γ-Al2O3 to 
boehmite itself as it results in a loss of acidic functionalities [40–43] that 
can serve as cocatalysts during MRCD and changes in morphology [13,
33]. However, previous research has indicated that the acidic func
tionalities within the γ-Al2O3 support do not serve as cocatalysts for the 
Pd and PdCu catalysts [15]. On the other hand, it has also been noted in 
literature that the boehmite phase formation can lead to encapsulation 
of metal nanoparticles, leading to a loss of active sites in contact with the 
reaction environment [44]. The latter is substantiated by the significant 
drop in signal for Pd within the XPS spectrum after reaction, i.e., 
Figure S3 (ESI). The inclusion of Cu has no impact on the hydration of 
γ-Al2O3 to boehmite, which explains why the PdCu catalyst shows 
similar deactivation to the Pd catalyst in Fig. 1.

Finally, coke formation was not significantly noted for both the Pd 
and PdCu catalysts. The low intensity adsorption around 1600 cm− 1 in 
the FT-IR spectra in Fig. 5E could be indicative of small amounts of 
coking or adsorbed water in boehmite [40,45,46]. The TGA in Fig. 5H 
also does not unanimously indicate coke deposition as the main mass 
loss around 475 ◦C perfectly correlates with the dehydration of 
boehmite to γ-Al2O3 [38,40] and the weight loss below 400 ◦C can be 
attributed to adsorbed and/or interstitial water within the boehmite 
structure [38,47,48]. In conclusion, at the worst, only very small 
amounts of coke deposits are present on the spent Pd and PdCu catalysts.

4. Conclusions

This study examined the impact of Cu incorporation on the activity, 
selectivity, nature of the active sites and deactivation of a Pd based 
catalyst in the MRCD of lignin on a CFR. The PdCu catalyst achieves the 
same depolymerization degree as the Pd catalyst, during 200 min T.O.S., 

despite containing about half the amount of Pd. During the reaction, 
metallic Pd was formed in the Pd catalyst, while the PdCu catalyst 
developed two distinct metallic PdCu alloy phases: a smaller unordered 
phase and a larger ordered FCC phase. The enhanced performance of the 
PdCu catalyst was attributed to synergetic effects between Pd and Cu 
and the presence of both smaller and larger metallic phases as compared 
to the Pd catalyst. Future research incorporating in-situ STEM-EDX and 
XPS could elucidate how these metallic PdCu alloy phases are formed 
and/or change during reaction. As only slight differences could be noted 
between the Pd and PdCu catalysts regarding selectivity, especially 
monomer yields, the impact of Cu thereon is minimal. Additionally, the 
impact of the Cu to Pd ratio during catalyst synthesis on the metallic 
PdCu alloys formed and, in turn, the catalytic performance of the PdCu 
catalyst, is another interesting topic for future research.

Finally, no significant metal leaching or poisoning was noted and the 
growth in nanoparticles cannot be unanimously linked to deactivation 
for both catalysts. The main mode for deactivation for both the Pd and 
PdCu catalysts is the hydration of γ-Al2O3 to boehmite and the resulting 
loss in acidic functionalities and changes in morphology. Only a small 
amount of coke deposition could be observed. In conclusion, the cost- 
effective addition of Cu to the Pd based catalyst successfully creates 
metallic PdCu alloys during the reaction with improved reaction per
formance, i.e., increased activity, no drastic changes in selectivity or 
negative impact on deactivation.

Funding information

T.D.S. and B.A. are doctoral researchers funded by the Research 
Foundation Flanders (FWO, Grants 1SD8723 N and 1S15125 N). The 
authors also express their gratitude for additional financial support 
provided by the FWO through Grant V463323 N.

CRediT authorship contribution statement

Tibo De Saegher: Writing – original draft, Visualization, Validation, 
Software, Methodology, Investigation, Funding acquisition, Formal 
analysis, Data curation, Conceptualization. Jonas Elmroth Nord
lander: Writing – review & editing, Visualization, Methodology, 

Fig. 5. Nanoparticle size distributions (A-D), FT-IR spectra (E), N2 physisorption isotherms (F), pore size distributions (G) and TGA derivative weight change (H) for 
the Pd and PdCu catalysts before and after reaction.

T. De Saegher et al.                                                                                                                                                                                                                            Chemical Engineering Journal Advances 22 (2025) 100710 

5 



Investigation, Formal analysis, Data curation. Filip Hallböök: Writing – 
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